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We have studied the compound nucleus probability, the survival probability, and the evaporation residue
cross sections for 6645 projectile-target combinations to synthesize the superheavy nuclei with atomic numbers
Z = 110-126 in the light of the entrance channel effects such as mass asymmetry, charge asymmetry, isospin
asymmetry, non-compound nuclear fission probability, and Businaro-Gallone mass asymmetry. The role of
quasifission in every reaction has also been considered. Decay chains of various superheavy nuclei produced
from the reactions are portrayed as well. The most striking results are that the measured evaporation residue
cross sections are of the order of picobarns, whereas the proposed reactions can yield up to microbarn cross
sections for the superheavy nuclei with 110 < Z < 126. We suggest future experiments may utilize these hot
fusion reactions to synthesize new elements (Z > 118) or to study the properties of the known superheavy nuclei
in greater detail. In particular, a proposed reaction containing both projectiles and targets that are naturally
abundant, for example, géKr + gngh — 314126 4-0n, yields evaporation residue cross sections as high as 31 nb.
The presently available experimental setup can test the prediction with ease to make a dream come true by
putting a footstep into the eighth row of the periodic table.
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I. INTRODUCTION

Heavy ion fusion reactions are commonly used in the syn-
thesis of heavy and superheavy nuclei. Superheavy elements
up to Z = 118 have been synthesized by the hot fusion re-
actions using actinide targets and **Ca as projectiles [1-4].
However, the production cross sections are extremely small,
of the order of picobarns (pb). The hot reactions are used
because the elements with atomic numbers Z = 104-112 are
synthesized using the cold fusion reactions [5-7], but the
evaporation residue cross sections are found to be decreasing
with the increase of the atomic number Z of the superheavy
compound nuclei. The cross sections are even lower than 1 pb
for Z > 110, and thus it is difficult to generate the heavier su-
perheavy nuclei in the cold fusion reactions. Furthermore, no
cold fusion reactions can constitute any superheavy elements
withZ > 114.

Several theoretical models have been developed to under-
stand the heavy ion fusion reactions leading to superheavy
nuclei formation, such as the macroscopic dynamic model
[8,9], the fluctuation-dissipation model [10], nucleon col-
lectivization [11], and the dinuclear system model [12-15].
Furthermore, to investigate the fusion dynamics, isospin de-
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pendent quantum molecular dynamics models [15-20] have
been extensively used. It is very difficult to get a de-
tailed global picture of the superheavy nucleus formation,
as many physical parameters alter the fusion. These include
the collision strength, the mass asymmetry, deformation and
orientation, the isospin, and the shell structure of the colliding
nuclei. Such variables are also heavily entangled, making the
influence of a single variable difficult to isolate. The early
stage of the collision is the key step in the development of
the superheavy elements, where the initial conditions play
a major role. This determines the selection of the colliding
partners, and the kinetic energy used determines the shape.
The colliding partners can break apart, usually after multin-
ucleon transfer, which is referred to as quasifission [21-23].
The character of both the fission and the quasifission pro-
cesses is expressed by their time scales. The time scale for the
quasifission is as short as 1072! s [21-24], whereas the fusion
fission can even be longer than 10719 5. Hence, the production
cross section of a superheavy element is dependent on the
entrance channel conditions because a memory of the entrance
channel is often retained in the reactions [25]. Subsequently,
Ramamurthy and Kapoor [26] show that the memory of en-
trance channel K-distribution is also maintained. However,
this scenario depends on the fissility of the compound nucleus
(CN). For example, the reactions involving less fissile com-
pound nuclei for A =~ 200 do not show normally any entrance
channel effect [27]. In contrast, compound nuclei of A & 220
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[28] and A ~ 230 [26] show a strong sensitivity for the en-
trance channel asymmetry with the exit channel. This trend is
almost obvious with the actinide [29] and superheavy nuclei
[30]. About two decades ago, the entrance channel dynamics
and competition between the quasifission and complete fusion
processes for various cold fusion reactions have been studied
in detail [31]. In this work, we are going to search for certain
hot fusion reactions where the quasifission probability is small
and thus will be useful for their synthesis and studying the
properties of the superheavy elements.

A systematic study of collision energies above the fusion
barrier shows that the closed shells in the colliding nuclei have
a limited impact on the fusion probability [32]. Nevertheless,
the competition between the fusion and quasifission is known
to be influenced by the nuclear deformation and orientation at
energies around the barrier [33-38]. Earlier workers [39-59]
have studied different decay modes in the superheavy region
and predicted the possible projectile-target combinations to
synthesize the superheavy nuclei. Hence in this article, we
study the compound nucleus formation probability, survival
probability, and evaporation residue cross sections of the
superheavy nuclei with Z = 110-126. In addition, we have
investigated the entrance channel effects, such as mass asym-
metry, charge asymmetry, isospin asymmetry, non-compound
nucleus fission probability (NCNF), and Businaro-Gallone
mass asymmetry, on the synthesis of superheavy elements.
Furthermore, the roles of quasifission and mean quasifission
have also been studied by the analysis of compound nuclear
fissility and effective entrance channel fissility. From the study
of the entrance channel effects, we have predicted the best
possible projectile-target combinations for the synthesis of a
few superheavy nuclei.

The present study is organized as follows. The methodol-
ogy used to study the fusion and evaporation residue cross
sections for the synthesis of the superheavy nuclei are given
in Sec. II. The analysis of the entrance channel effects, such
as mass asymmetry, charge asymmetry, isospin asymmetry,
NCNF, and Businaro-Gallone mass asymmetry, and the role of
quasifission and mean quasifission in the evaporation residue
cross sections and compound nucleus formation probability
are discussed in Sec. III. Finally a summary of the present
work is given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Fusion cross section

The fusion reaction is divided into two steps, leading to
the synthesis of the superheavy nuclei. The target initially
captures the projectile in a dinuclear system and then forms
the compound nucleus. Finally, by emitting particles or y rays
it loses its excitation energy and deexcites to its ground state.
The total interacting potential barrier for the projectile and the
target is expressed as

V(R) = Vn(R) + Vc(R), (D
where Vy(R) is the nuclear interaction potential and V¢ (R) is
the Coulomb interaction potential as given by

77
Ve@®) = ——. @

Here ¢*> =~ 1.44, Z; and Z, are the atomic number of the
projectile and target nuclei, respectively, and R is the sepa-
ration distance between the centers of target and projectile
nuclei. The nuclear interaction potential Vy(R) is the nu-
clear interaction of the modified Woods-Saxon form by using
the Skyrme-energy density functional within the extended
Thomas-Fermi approach [60]:

Vo
1+ exp[(R — Ry)/al’

Vn(R) = 3
Here a is the diffuseness parameter and Ry is the minimum
nuclear potential distance:

Ro = ro(A)” +AY°) — b. )

Vo in Eq. (3) is the potential height at R = Ry [61] and it is
given by

[4{/3[41/3

Vo = uoll + k(ly + L) ——. ®)
Ai/3 +Aé/3

Here I; is the reduced isospin and it is expressed in terms of
the neutron number N;, the proton number Z;, and the mass
number A; as I; = (N;-Z;)/A;, where i = 1 and 2 for projectile
and target nuclei, respectively. Values of the five parameters
for the least-square fitting of Vy(R) are taken as rp = 1.183
fm, b = 1.37 fm, ug = —46.07 MeV, k = —0.4734, and a =
0.75 fm~2 [60]. With these parameters, the relative devia-
tion achieved with the Skyrme energy-density functional is
minimized. The nuclear interaction is assumed to be in the
Gaussian form; moreover, the empirical barrier (B) distri-
bution function D(B) is the superposition of two Gaussian
functions as under

WY __(B- B)?
DI(B) - 2ﬁb1 exp [ y (2b])2 } (6)
and
v/ __(B=B)
Dy(B) = 2 J7bs eXP[ Y | @)
with
B, = B. + by, (8
B, = B. + by, &)
by = 1(Bo — B.), (10)
by = 5(Bo — By). (1)

Here, By and B, are the barrier height and the effective barrier
height, and they are related as B, = fBy with the reduction
factor f = 0.926. The parameter y in Eqgs. (6) and (7) is the
factor that involves the structure effects whose value is greater
or equal to 0.5. For the fusion reactions at energies near or
above the barrier, y = 1 [62]. The fusion excitation function
[62,63] is taken as

Ofus(Eem) = min[o (Ecy ), Oaye (Eem)], (12)
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with

01(Eem) = /0 OODI(B)ofuong(Ecm,B)dB (13)
and
Oavr(Eem) = /0 h [M] 0" (Eem, B)dB, (14)

where Gl:]vsong is the fusion cross section [64] for two deformed
and oriented nuclei, colliding with E, is

on hwR? 27
fuwg g(EcmvB) Tﬁlsln (1 + exp I:%(Ecm _BO):|)

cm

s)

Here E.n, By, Rsus, and fiw are the center-of-mass energy, the
barrier height, the barrier radius, and the barrier curvature,
respectively. The effect of the angular momentum is already
included in the Wong’s formula by the assumption that the
barrier position and the barrier curvature do not change with
the angular momentum.

J

B. Evaporation residue cross section

The evaporation residue cross section of a super heavy
element [41,45] with subsequent emission of light particles
is expressed as

OfR = 13 =S @U+ DT(E, OPex(E*, OPIE®, ©), (16)
=0

where T (E, ¢£) is the probability that the particle will pass
through the potential barrier; it is a function of the center-of-
mass energy E and the angular momentum £/; and Pen(E*, €)
is the probability that the CN reaches the equilibrium config-
uration as a function of the excitation energy E* and €. The
survival probability P (E*, £) is the probability that the fused
system emits x number of neutrons followed by a sequence of

a decay from the residue, which is given by

Py = Py (E*) ]—[ <r +Ff) (17)

The survival probabilities are evaluated using a statistical
evaporation code called HIVAP [65]. The HIVAP code uses stan-
dard evaporation theory and includes the competition of y -ray,
neutron, proton and «-particle emission and fission using an
angular momentum and level density formula [65]. Py, is the
probability of realization of the evaporation sequence as given
by [11]

B.(1) Ef-B,2)
b * n * *
P, = / b B WES, e)de, / S EL TOWET, ex)des
0 0 tot

rtol

N

/E,,_, B, (x) r, 1_[ r‘y .
X (E* ) x I)VVn(E ) ex) X (E 5 I )dex (18)
0 1—‘lot ! !

Here B, (i) is the binding energy and ¢; is the kinetic energy of the ith evaporated neutron. W, (E*,

Lot

e) = Cy/eexp[—e/T(E*)] is

the probability for the evaporated light particles to have energy e. C, is the normalized coefficient and it is determined from the

equation fOE*_B” W,(E*, e)de = 1.

C. Decay widths

The compound nucleus is formed in the excited state; it can decay through the different channels, such as neutrons (n),
protons (p), « particles (*He), and y photons, and fission into heavy fragments. The decay width of the particle emission can be

calculated as

Ceopibn(E*,J) =

where S, is spin of the emitted particles such as neutrons,
protons, or « particles. B, is the corresponding binding energy.
Ti(e) is the probability of the particle passing through the
potential barrier with the kinetic energy e of the emitting
particle [66], and T;(e) for the charged particles is expressed
as

P(e)
(1 + e[ (Ve + oz —o)])

Ti(e) = . (0

2Sb+1 /E* By
27 p(E*,J)

I=J+1

Zmew Y ps(E* =B, — ey, Ddey, (19)

I=lJ—1]

(

where u is the reduced mass of the particle and the radius is
given by R = rpA'/? + 2 fm. P(e) in Eq. (20) is given by

NEz=s
Pe) = ———. Q1)
(1 + e+40)

The barrier height (V) and the width &w for proton decay can
be calculated in MeV units as

V. = 0.106 — 0.9 4+ 0.02(Z + N* — A) and
fiw = 6.2 + 0.04(Z — 20), (22)
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and for « particles they can be calculated as

V. =0.195(Z—-2)+4.5+0.02(Z+N* —A) and

how = 6.03 4+ 0.016(Z — 100). (23)
|

Here N* = 0.2638 + 1.0676Z + 0.0055Z? is the number of
neutrons for the stable nucleus with the atomic number Z.

The probability 7;(e) for neutrons is calculated using the
following formula:

/ /2 _ Rp2 2
T,(e) = P(e)exp {—2 2;—5 |:,02 —R*+p log (%)] }, where p = w 24)
\ eu

The fission width is studied using the following expression:

% KKramers E S.p,
Cgs(E™, J) = e B ) ), Tiss(e, J)ppo (E™ — e, J)de,
(25)
where T (e, J) is the fission barrier penetrability,
1
Tiss(e, J) = (26)

I +exp[ — 2= (e — Bass(E)]

and Kxramers 1S the Kramers factor, given by

hwes, M7 -
KKramers == ng ( a)gip + §2/4 - C/Z) (27)

s.p.

Here the nuclear temperature T = /U/a (U is defined be-
low), ¢ is the viscosity parameter, and /iwg s and fiws ;, are the
potential curvatures at the ground state and the saddle point,
respectively [67]. The fission barrier (Bjgs) has been studied
early [68]. The level density [60] in Eq. (25) is expressed as
[69]

2\ 3/2
p(J,E*) = —(—) (2J + Da'?U;? expl2(alU;)'/?]

24\ 21
(28)
and
U =E*—E(). 29)
Here E,(J) is the yrast energy and it is expressed as
E.(J)=J(J + DHr*/2I, (30)
where I and J are the moment of inertia and the angular
momentum, respectively, i = %, and a is the level density
parameter expressed as
a=all + f(E*)S/E"], 31)

where S and E* are the shell correction and the excitation
energy, respectively, and

FE*) =1—exp(—=E"/Ey), (32)

where E; = 1.5 MeV is the small shell damping energy. The
smooth shell independent level-density parameter & is given
by

a = 0.04543r3A + 0.1355r2A** B + 0.1426r,A'* By, (33)

where A is the mass number of the compound nuclei and r,
is the separation distance between the fissioning nuclei. The
level density parameter includes terms such as surface (By)

(

and volume and curvature factors (By) as defined in the droplet
model [69]. For the evaporation channel, B; = By = 1. The
ratio of d@y /ay, i.e., the level density parameter for the fission
channel (@y) to the level density parameter for the neutron
channel (a,), is greater than 1 and it decreases to 1 with the
fissility parameter increases. When the compound nucleus is
formed in the excited state, it decays into heavy fragments
through the various channels, such as neutrons, protons, or o
particles, through fission. Using the standard HIVAP code, the
fission barrier at zero angular momentum is studied by

By = BY* —. (34)

Here BM# is the macroscopic barrier described by the liquid
drop model [64,70,71], and § is the shell correction and it is
estimated by taking the the difference between the experimen-
tal mass and the liquid drop mass, S = Mcx, — Mip. In the
HIVAP code, the M p is determined by using the parameter set
of Myers and Swiatecki [72] and the experimental mass values
were taken from the available literature [65].

III. RESULTS AND DISCUSSIONS
A. Entrance channel effects on cross sections

We have studied the compound nucleus probability, the
survival probability, and the evaporation residue cross sections
for the 6645 projectile-target combinations to synthesize the
superheavy nuclei with atomic numbers 110 < Z < 126; the
range of atomic numbers and the mass numbers of the pro-
jectiles and targets considered in the present study are given
in Table I. Further, we have extended our study to see the
entrance channel characteristics of the fusion dynamics to
show the relative importance of the influence on the projectile
and target nuclei. In particular, we show how their contribu-
tions vary with the entrance channel characteristics such as
mass asymmetry, charge asymmetry, isospin asymmetry, non-
compound nucleus fission probability, Businaro-Gallone (BG)
mass asymmetry agg, and quasifission and mean quasifission.
This will supposedly give us an insight into the mechanism
and an idea of the choice of the projectile and target combina-
tions during the synthesis of the superheavy nuclei.

1. Mass and charge asymmetry

From the literature [26,29,73] it is observed that the mass
asymmetry n = |(A; — A2)/(A| + A;)| and the charge asym-
metry o, = |(Zy — Z2)/(Z1 + Z,)| of the entrance channel
play a major role in the dynamic evolution of a dinuclear
system, which leads to the formation of a compound nucleus.
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TABLE I. The range of the projectile-target combinations studied to synthesize the superheavy elements with Z = 110-126 along with

their atomic and mass number ranges.

No. of reactions

Range of projectile

Range of target

SHN studied Z A Z A

110 556 16 <Z <26 35<A <55 84 <7Z <94 210 < A < 246
111 267 13<Z <23 26 <A <50 88 <Z <98 226 < A < 246
112 288 14 <Z <40 28 <A <96 72 <Z <98 182 < A < 249
113 266 15<Z <20 32 <A <48 93 <Z <98 239 < A < 250
114 397 32 <Z <40 70 <A <96 74 <Z < 82 182 < A < 203
115 681 19<Z <21 39 <A <48 94 <Z <96 240 < A < 244
116 728 19<Z <32 40 <A <70 84 <7 <97 206 < A < 254
117 488 5<Z <33 10<A <75 84 <Z <112 222 <A <279
118 671 20 <Z < 34 40 <A < 82 84 <Z <98 219 < A <252
119 123 22 < Z < 31 4 <A <72 88 < Z <97 227 < A < 248
120 382 30<Z <42 72 <A <95 78 <Z <90 190 < A < 232
121 197 23 <Z <35 48 <A <82 86 < Z <98 222 < A <251
122 323 8 <Z <38 17 <A <89 84 <Z < 114 225 < A <290
123 582 25<Z <34 52 <A <82 89 <Z <98 236 < A < 251
124 202 12 <Z <40 28 <A <96 84 <Z <112 222 < A < 285
125 373 27 <Z <37 56 < A < 87 88 <Z <98 228 < A < 247
126 121 13 <Z <40 27 <A <94 86 <Z < 113 230 < A < 280

We have studied the mass asymmetry and charge asymmetry
for the superheavy nuclei with Z = 110-126 with respect to
evaporation residue cross sections. Figure 1 shows the varia-
tion of mass asymmetry with that of the evaporation residue
cross sections for the combination of even (Z)-even (N) nu-
clei. From the figure it can be clearly observed that as the
mass asymmetry decreases for the projectile-target combina-
tion the corresponding evaporation residue cross section also
decreases in all the cases. A similar trend is also observed
for even (Z)-odd (N), odd (Z)-odd (N), and odd (Z)-even
(N) compound nuclei. Therefore, it is clear from the figure
that mass asymmetry plays a major role in the formation of
the compound nuclei. If » is large, then the probability of
compound nucleus formation is also large. Note that n and
oz vary back to back, and hence the ogr varies similarly with
the a7 also, as evident from Table II.

2. Businaro-Gallone mass asymmetry

The Businaro-Gallone critical mass asymmetry parameter
is expressed as

0 for x < xsa,
0BG = _ 35
BG 1.12 /—<x£)§< BGX>T(:.24 for x > xaa, (35)

where the fissility parameter =(%2)/50.8831—

1.7826(%)2 and xgg = 0.396. The Businaro-Gallone
critical mass asymmetry plays a strong role in determining
the path of equilibrium dynamics [79]. The projectile-target
combinations with agg values less than the Businaro-Gallone
critical mass asymmetry value (a5g) of 0.9 exhibit the
anomalous fission fragment anisotropies at the above-barrier
energies [80]. The evaporation residue cross sections (ogRr)
with the Businaro-Gallone mass asymmetry (agg) portrayed
in Fig. 2 show that as the apg increases the corresponding

ogr also increases. It can also be noticed from Table II
that the values of apg for the projectile-target combinations
used here are >1. This is a common fact for all the cold
fusion reactions as well as the hot fusion reactions used to
synthesize the superheavy elements. Hence, very importantly,
the projectile-target combinations discussed here will not
display any anomalous fission fragment anisotropy, rather
these systems will exhibit the expected fission-fragment
anisotropy at the above-barrier energies [79].

3. Isospin asymmetry

The isospin asymmetry is the difference in the N/Z ratios
of the projectile and the target and it is expressed as

2(z)=1G), - G )

The influence of isospin asymmetry as a function of evapo-
ration residue cross sections for the synthesis of superheavy
nuclei with Z = 120 is shown in Fig. 3. As the isospin asym-
metry decreases there is a decrease in the evaporation residue
cross section also.

4. Coulomb interaction parameter

The Coulomb interaction parameter between the two nuclei
is defined as

VAV

1= ———. (37)
AV AT

We have studied the compound nucleus probability Pcy as
a function of z and the variation is presented in Fig. 4. The
present study also parametrizes the probability of compound
nuclei formation in terms of z. The best fitted equation for
the compound nucleus probability is considered such that the
residual sum of the squares must be nearly equal to 1 and the
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FIG. 1. Variation of the evaporation residue cross sections with the mass asymmetry parameter (1) for the even-even superheavy nuclei
with Z = 110-126.

constructed equation is as follows: equation for the fusion barrier in terms of z:

Pcn = 0.9145° (38)

_ 1.093
As the interaction parameter increases for the different Ve(MeV) = 0.6544 x 277 (39)

projectile-target combinations, the Pcy gradually decreases,

which in turn shows the effect of z on the different projectile- Figure 6 represents the variation of the evaporation residue
target combinations. Figure 5 gives the variation of the fusion  cross section in pb with z for the superheavy region Z = 110-
barrier with z. We have exercised regressions to fit the best 126. We have also fitted the evaporation residue cross sections
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TABLE II. Dependence of the evaporation residue cross section on the entrance channel effects such as the mass asymmetry (), charge
asymmetry (oz), isospin asymmetry [A(N/Z)], Coulomb charge (Z,Z,), Coulomb interaction parameter (z), mean fissility ¥,,, and Businaro-
Gallone mass asymmetry (apg) for the synthesis of the superheavy nuclei Z = 110-126.

Expt

Reaction VYAVZ,) E. E. n o, A(N/Z) Z Xm  OBG UET}‘{“ Orr Remark
ONi+3¥Pb — MDs+1n 2296 261.37 33929 0.54 049 032 23232 086 105 4pb 3.5 1pb[5]  Used
BMg+2'Cf — 22Ds+4n 1176 153.16 16841 0.82 078 048  127.38 0.67 1.06 1.19nb Prop.
®AI+3°Bk — 1iDs+5n 1261 16645 18355 0.81 076 061 13578 0.70 1.06 0.119nb Prop.
BAI+2°Bk — 5Ds+51n 1261 17245 19045 0.81 0.76 057 13627 0.70 1.06 0.17nb Prop.
SNi+3PBi — 2Rg+1n 2324 26343 3441 053 050 023 233. 086 1.05 13pb 3.5%3Spb[74] Used
WSc+2'Th — IPRg+3n 1890 209.87 25292 0.66 0.62 031 19293 0.79 1.06 0.181nb Prop.
Bp+28Cm — IRg+4n 1440 180.16 204.13 0.77 0.73 038 151.73 0.72 1.06 0.225nb Prop.
TCI+2*Pu— Rg+4n 1598 198.16 22845 0.73 0.69 040 167.09 0.75 1.05 0.456nb Prop.
WK +23%0 — I3Rg+5n 1748 22045 25749 0.71 0.66 048 18176 0.78 1.05 0.225nb Prop.
BZn+28Pb — 11Cn+1n 2460 27645 369.48 0.49 046 020 24486 08 1.04 047pb 057 ipb[74] Used
PAr+2%Pu— BCn+3n 1692 191.87 225.17 0.70 0.68 024 17429 0.75 1.05 0.321nb Prop.
WCa+2%U — MCn+3n 1840 211.87 25371 0.67 0.64 024 187.64 0.77 1.05 0.944nb Prop.
Bp+ 2Bk — TB3Cn+4n 1455 182.16 20630 0.77 0.73 037 153.18 0.72 1.05 0.15nb Prop.
Zn+2Bi — I8Nh+1n 2490 279.76 37347 0.49 046 0.18 24761 087 1.04 053pb 5571°fb([75] Used
Ap4+2%Cf — BINh+4n 1274 181.16 20327 0.78 073 053  155.15 0.74 1.05 0.372nb Prop.
TCI+2°Cm — Nh+4n 1632 198.16 22748 0.74 0.70 043 16944 0.76 1.05 2.16nb Prop.
2Pp+3°Cf — MINh+4n 1470 183.16 20641 0.77 073 044 15488 0.73 1.05 0.613nb Prop.
BPp+33Ct — ®INh+4n 1470 183.16 207.05 0.77 073 038 15421 0.72 1.05 3.93nb Prop.
BS+2’Bk — 1INh+52 1552 20345 23041 0.77 072 050 163.39 0.75 1.05 0.125nb Prop.
SCa+2Pu— ®F14+3n 1880 205.19 24556 0.67 0.64 0.9 19022 077 1.04 40pb 3.6"34pb[35] Used
3Ca+2Pu— ®0F14+3n 1880 209.87 247.47 0.70 0.65 040 19346 0.80 1.04 281nb Prop.
AT +28Cm — 7B8Fl+4n 1728 207.16 23747 0.74 0.68 056  180.61 0.79 1.04 47pb Prop.
SCa+2Am — ®Mc+3n 1900 206 247.69 0.67 0.65 0.5 19241 078 1.04 20pb 2.7*1¥pb[76] Used
2Sc+2*Pu — B®IMc+3n 1974 215.87 256.56 0.68 0.63 041 20078 0.81 104 17.8nb Prop.
SAr+2Bk — BIMc+3n 1746 199.87 230.74 0.73 0.69 042  181.35 0.79 1.04 2.51nb Prop.
BSc+2°Pu — B®IMc+3n 1974 223.87 268.64 0.67 0.63 027 20043 0.81 1.04 0.298 ub Prop.
21 94 115

AV+BU - BMe+3n 2116 239.87 291.70 0.64 0.60 035 21399 0.84 1.04 19.5nb Prop.
SCa+28Cm — 22Lv+4n 1920 209.14 24956 0.67 0.65 0.18 193.60 0.78 1.04 2.67pb 3.3**3pb[35] Used
WAr+20Ct — ®Lv43n 1764 197.87 22647 075 0.69 054  183.88 0.80 1.04 0.195nb Prop.
BCa+20Cm — ZBLv+3n 1920 217.87 255.09 0.71 0.66 045 19870 0.83 1.03 0.129 nb Prop.
WAr+27Cf — ®Lv+4n 1764 209.16 239.04 0.75 0.69 057  183.40 0.80 1.04 0.289nb Prop.
™Ca+2PBk — P Ts+4n 1940 21123 251.95 0.67 0.65 0.16 19545 0.79 1.03 1.78pb 0.5 ipb[77] Used
SCa+2Bk — 2ITs+3n 1940 211.29 252.03 0.67 0.65 0.16 19545 0.79 1.03 037pb 137 pb[77] Used
SCa+37Bk — TTs+2n 1940 214.58 25520 0.68 0.66 021  197.49 0.81 1.03 28.2nb Prop.
SCa+3"Bk — I0Ts+3n 1940 221.87 26481 0.68 0.66 0.16 19562 0.79 1.04 0.956 ub Prop.
SCa+20Cf — M0g+3n 1960 226.08 269.66 0.67 0.66 0.14 19747 0.79 1.03 2.68pb 2.2*25pb[78]  Used
32Cr+2Pu— M30g+3n 2256 249.87 303.12 0.65 0.59 043 22602 087 103 33.1nb Prop.
HCa+22Cf — 20g+3n 1960 222.87 26443 0.69 0.66 022 197.48 0.80 1.03 0.223 ub Prop.
oCa+23Cf — BOg+5n 1960 24045 27846 0.73 0.66 058 201.14 0.84 1.03 0.512nb Prop.
IV +ECm — ¥711943n 2208 239.87 287.84 0.67 0.61 043  221.16 0.86 1.03 84.2nb Prop.
3Mn+2°Pu — ®11943n 2350 262.87 321.16 0.64 058 042 23589 0.89 1.03 20.4nb Prop.
BTi+20Ct — #2120 +1n 2156 238.16 289.68 0.69 0.63 026 21951 0.87 1.02 19.18 pb Prop.
PTi+20Ct — 2120 +1n 2156 24438 290.51 0.68 0.63 040 217.77 0.85 1.02 18.55pb Prop.
PTi+20Ct — 28120 +1n 2156 242,59 29132 0.66 0.63 026 21613 0.84 1.02 14.88pb Prop.
SNi+2°Np — 1121420 2604 277.58 35191 0.58 0.54 028 25515 091 1.02 0.275pub Prop.
BV+2CF — 7121430 2254 24487 29151 0.68 0.62 048 22652 0.88 1.02 1.32nb Prop.
VVHICE - 12143n 2254 24587 29349 0.68 0.62 045 22576 0.87 1.02 5.04nb Prop.
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TABLE II. (Continued.)

Expt

Reaction 7,7, Eem Eib n a. AN/Z) z Xm  QBG oppeo Orr Remark
PKr+32Rn — 3'°122+0n 3086 320.00 440.89 045 041 026 29545 097 102 10nb Prop.
®Rb+PAL — 122 +1n 3145 33329 46182 044 039 030 30015 097 102 0.23nb Prop.
BGe+3°Pa— 34123 +1n 2912 29629 390.51 052 048 025 27888 0.94 1.02 0.128nb Prop.
BZn+3Np — 123 +1n 2790 28729 37276 054 051 020 26848 092 1.02 0.36nb Prop.
%Zn+ 3 Np — 2123 +2n 2790 294.58 373.13 058 051 045 27314 095 101 2.0lnb Prop.
BAs+2Th — 1123 +2n 2970 314.58 41085 0.53 046 043 28876 098 101 1.15nb Prop.
BZn+34Pu— 124 +1n 2820 29229 37854 054 052 020 27092 093 1.02 05nb Prop.
BZn+3Pu— 124 +1n 2820 29429 381.85 054 052 017 27137 093 1.02 0.876nb Prop.
BKr+2'Ac— M125+1n 3204 33129 45480 046 042 023  301.54 098 1.01 11.8nb Prop.
MNi+2°Bk — *?125+1n 2716  287.29 35530 0.62 055 045  268.16 096 101 0.631nb Prop.
SNi+23"Bk — *125+1n 2716 28429 359.64 058 055 021 26286 092 101 0416nb Prop.
SONi+23"Bk — *125+1n 2716 294.58 366.14 0.61 055 040 26656 095 101 19.3nb Prop.
SKr+5°Th — 126 4+0n 3240 339 46028 047 043 027 30837 0.99 1.00 0.352nb Prop.
PKr+2°Th — 4126 +0n 3240 339 45882 048 043 030 30889 1.0 100 3lnb Prop.
as a function of z as follows: the reactions 5 Kr + 3,°Th and 52Kr + 23*Th have nearly equal
opp = 1070:042482+775395 (40) z ~ 308, but have about 2 orders of magnitude different ogg,

Thus, it is obvious from the three equations just given above
that z plays an important role in the synthesis of the super-
heavy elements. We can gauge from Fig. 5 that Eq. (39) may
give quite a correct estimation of the fusion barrier. However,
the scenario is not the same for Pcn and oggr as apparent from
Figs. 4 and 6. For a fixed z, the values of Pcny and ogr vary
up to about 3 orders and thus do not have much use. One
needs to follow the theoretical calculations given above. It is
clear from Egs. (38) and (40) that Poy and ogr decrease with
increases of z. However, this statement is not sacrosanct as it
can obviously be realized from Table II. A lot of departure can
be visualized there; for example, the reactions 3Ca + 33°Bk
with z = 197.49 and §2Kr + 33*Th with z = 308.89 lead to
similar ogr = 28.2 and 31.0 nb, respectively. Furthermore,

10*4
17=110-126

1.00 1.02 1.04 1.06

OLBG

FIG. 2. Variation of the evaporation residue cross sections with
the Businaro-Gallone mass asymmetry for the superheavy nuclei
with Z = 110-126.

0.35 and 31 nb, respectively. These imply that the heavy
ion reactions are very complex; the occurrence of a certain
phenomenon depends on several entrance channel parameters
and other postcollision properties. Thus, the values of Pcy and
ogr are governed not only by z but also by other entrance
channel parameters like mass asymmetry (1), charge asym-
metry (ctz), isospin asymmetry [A(N/Z)], mean fissility x,,
and Businaro-Gallone mass asymmetry (opg), as discussed
here, and the projectile energy and deformation parameter,
etc., which will be examined in forthcoming works.

5. Non-compound nucleus fission (NCNF)

According to the model proposed by Ramamurthy and
Kapoor [26], the probability of non-compound nuclear fission

Z=120

FIG. 3. Variation of the evaporation residue cross sections as a
function of isospin asymmetry for the superheavy nuclei with Z =
120.
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Py, =(0.9145)"

Z=110-126 ‘ ]

100 200 300
Z

FIG. 4. Variation of the compound nucleus formation probability
with the Coulomb interaction parameter z for the superheavy ele-
ments with Z = 110-126.

(Pnenr) is expressed as

|: —0.5B¢ :|
Pnenr =exp | —— |, (41)
Tsad
where By is the fission barrier and Ty,q is the temperature of
the saddle point. We have studied the contributions of NCNF
in induced fission of the superheavy nuclei with 110 < Z <
126 for the different projectile-target combinations. Figure 7
shows the contribution of non-compound nucleus fission in
the evaporation residue cross sections in the case of 3n for
the superheavy nuclei with Z = 120. From the figure it is
observed that as the Pycnr increases the corresponding evap-
oration residue cross section decreases.

6. Hindrance of quasifission

The study of fusion dynamics in the vicinity of the
Coulomb barrier energies shows that the complete fusion of

400 : : .
V,(MeV)=0.6544 2"

300- ]
> 200 ]
=

m
>
1001 ]
04 Z=110-126
0 100 200 300

z

FIG. 5. Variation of the fusion barrier with the Coulomb interac-
tion parameter z for the superheavy elements with Z = 110-126.

7] —0.042482+7.75395
10 0. =10

T T T
100 7 200 300

FIG. 6. Variation of the evaporation residue cross section with
the Coulomb interaction parameter z for the superheavy elements
with Z = 110-126.

reactants does not occur immediately upon nuclei contact.
During the heavy ion reactions, the whole process of fusion
is severely hampered by deep inelastic, quasifission, and fast
fission processes, and among these processes the formation of
compound nuclei is primarily hindered by quasifission. The
quasifission process occurs with the multinucleon or cluster
transfer and the dinuclear system begins to break down into
two fragments without attaining the compound nucleus for-
mation. Because there is a competition between the compound
nucleus formation and quasifission, knowing the quasifis-
sion probability helps us to analyze the probability of the
compound nucleus formation in the synthesis of superheavy
nuclei.

To choose a good projectile-target combination for the syn-
thesis of superheavy nuclei, we have studied the parameters,

0.012 : . .
Z=120
O
o O
0.008 - o © 1
o)
o
[\
L
©
0.004 - 1
O
O
0.000 A © 00 O -
0.025 0.030 0.035
PNCNF

FIG. 7. Variation of the evaporation residue cross sections for the
3n channel versus the non-compound nuclear fusion probability for
the superheavy nuclei with Z = 120.
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FIG. 8. Variation of the compound nucleus formation probabil-
ity of the superheavy nuclei with Z = 110-126 with the effective
entrance channel fissility.

such as the compound nucleus fissility x.s, the critical ratio
Z?/A, the mean fissility x,,, and the critical value acg, that
are related to the quasifission probability. The compound nu-
cleus fissility xcn reflects the stability of the compound nuclei
against the fission as

_ 72 /A
X 50.883[1 — 1.7826(4=%)*]

(42)

The effective entrance channel fissility (xer) corresponding to
the repulsive and attractive forces was estimated as follows:
42,2
(A:/3+A;/3) X(A1Ap)'3

" 50.883[1 — 1.7826(A2)7]

Xeft (43)

The mean fissility y,, often indicates the appearance of the
quasifission and it is expressed as

Xxm = 0.25xen + 0.75 xerr 44)

Here the quasifission becomes dominant when x,, > 0.765
[73,81]. The feasibility of the quasifission depends on the
mass asymmetry (1) of the entrance channel and the quasifis-
sion process occurs only when the mass asymmetry is smaller
than the critical value as follows:

0 if xcn < 0.396,

OCR = Z . 45
KT 122G if xen > 0.396. “43)

We have studied the variation of the compound nucleus prob-
ability and the evaporation residue cross sections with the
effective entrance-channel fissility y. Figures 8 and 9 show
the variation of the compound nucleus probability and the
evaporation residue cross sections with the effective entrance
channel fissility xer. From both figures it is observed that
as the xef increases the corresponding compound nucleus
probability and evaporation residue cross sections decrease.
Hence, to get the maximum cross sections during the fusion

__1()—1254259147—0J93111d7+673379

Z=110-126

10% & . .
0.2 0.4 0.6 0.8 1.0

Xeff

FIG. 9. Variation of the evaporation residue cross sections of
the superheavy nuclei with Z = 110-126 with the effective entrance
channel fissility.

of a certain projectile and target combination, the x.g must be
kept to a minimum. We have exercised regressions to find the
best equations for the compound nucleus formation probabil-
ity and evaporation residue cross sections as a function of the
Xet; they are as follows:

— 2 _
Pen = 10 13.016 x5 +2.694 xer—1.53259 (46)

and

Opp = 10712592592 —0.1931 e +6.73379 (47)
The hindrance of the quasifission dominates the formation of
compound nuclei due to its high fissility. Figure 10 shows the
variation of the mean fissility y,, as a function of Z,Z,. From
the figure it is observed that the mean fissility y,, increases

0.9

0.8 o

Lm

0.7 -

0.6 §§Bg

gt

500 1000 1500 2000 2500 3000 3500
Z1ZZ

0.5

FIG. 10. Variation of yx,, as a function of Z,Z, for the synthesis
of the superheavy elements Z = 100-126.

064605-10



ENTRANCE CHANNEL DEPENDENT HOT FUSION ...

PHYSICAL REVIEW C 102, 064605 (2020)

110 111 112 113 114 115 116 117
180 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 180
0.96ub
45Ca+2485k
5.1nb
AZCa+252Bk
49nb
17.8nb
175 &
1.1nb 2.2nb 57.6nb 0.22ub
3zsi+254cf 37C|+25°Cm Tg0429%py 49Ti+242Am
0.94nb 3.9nb 0.3ub 0.27nb
Ta+38Y Bp 20t ®gc+2%py 90 Ar 290
43pb 0.32nb 0.37nb 19.5nb 0.29nb 28.2nb
Sp4POcm “2Ar+22py Spaior Sv+Py “Ar+?7CE Ca+? Bk
63pb 0.18nb 41pb 0.61nb 0.94nb
27A|+2548k ABSC+234Th 3OSi+253Cf 32P+252Cf 37Ar+250Cf
0.1nb 0.23nb 0.15nb 12nb 0.22nb
170+ ‘ AI+"'BK ‘ “p+"Cm ‘ ®P+*°Bk ‘ ‘ “sc+™y ‘ 170
0.12nb 0.31nb 0.28nb 0.13nb 2.8nb 2.5nb 0.2nb
7147593 7714259 B54280m 334249 K Boa+?py B p 42498 BAr+2°ct
3.4nb 0.46nb 2.5nb 47pb 76pb
N ‘ 26Mg+252Cf ‘ I614242py ‘ ‘ 30g;4250c¢ ‘ BAr+28C0m %Arj“Cf
1.5nb 0.23nb 0.23nb 0.12ub 0.27ub 6pb
24M9+2530f ADK+235U 36Ar+2A3Pu 54Cr+225AC 55Mn+226AC 40Ca+2430m
120 0.66nb 0.27nb 3.3ub 0.88ub 8pb
25Mg+251Cf 41K+236U 39K+239Np 67Zn+Z1ZBi SRCU'*ZWAt 40Ca+MCm
0.17nb 0.35nb 0.13nb
1 65 T 25A|+2498k ‘ 37C|+239Pu ‘ 41Ca+240Cm 1 65
1.1nb 2.5nb 4pb
“Ca+*'Pa *Ni+*Rn “Ca+*°Cm
39pb
26 248,
Al+""Cf
11pb
160 1 35Ar+p232U _1 60
1.7ub
61Ni+208pb
6pb
36Ar+231 U
T T T T T T T T
110 111 112 113 114 115 116 117

z

FIG. 11. Chart of suitable projectile-target combinations to synthesize the superheavy elements with Z = 110-117.

as the corresponding value of Z;Z, also increases. Further-
more, when the mean fissility y > 0.765, the quasifission is
dominant, and for x < 0.765 the probability of the compound
nucleus formation dominates over the quasifission.

Figure 11 represents a chart of suitable projectile-target
combinations to synthesize the superheavy elements with
Z = 110-117, and Fig. 12 displays the same for the ele-
ments with Z = 118-126 with respect to the corresponding
production cross section. By the study of the entrance chan-
nel effects on the evaporation residue cross sections, it can
be clearly seen why the reaction 3Mg + 33/ Cf — 1]3Ds +4n

98
leads to the maximum evaporation residue cross section of

1.19 nb when compared to all other projectile-target com-
binations. A similar situation is seen with other proposed
reactions for the synthesis of the superheavy elements with
Z = 111-126. Accordingly we have predicted the most pos-
sible projectile-target combinations for the superheavy nuclei
with Z = 110-117 along with the evaporation residue cross
sections; they are shown in Fig. 11. Hence, we have success-
fully represented all the projectile-target combinations and
their evaporation residue cross sections in a single chart. Cor-
respondingly, the best possible projectile-target combinations
to synthesize the superheavy elements with Z = 118-126 are
shown in Fig. 12.
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FIG. 12. Chart of suitable projectile-target combinations to synthesize the superheavy elements with Z = 118-126.

The existence of the superheavy nuclei depends on the
interaction between the short-range attractive nuclear force
and the long-range electrostatic repulsion. The latter be-
comes stronger at the larger values of Z,Z,. Table I gives
the ranges of the possible projectile-target combinations. Fur-
thermore, Table II lists the entrance channel effects such as
mass asymmetry (n), charge asymmetry (c«ez), isospin asym-
metry (A%), Coulomb charge (Z,Z;), mean fissility (x,),
Businaro-Gallone mass asymmetry («gg), and corresponding
evaporation residue cross sections for the synthesis of super-
heavy nuclei with Z = 110-126. Note that the beam energy
quoted in Table II is one for which the ogg is found to be
maximum. However, the reactions already utilized in past
experiments are the same as those given in Table II. From
the analysis of Table II, the entrance channel effects such as
mass and charge asymmetry will have smaller values (mind
the negative sign of n) with the maximum evaporation cross
sections as discussed in the Fig. 1. Similarly the larger the
value of the isospin asymmetry is, the higher the correspond-

ing ogr is. When the Coulomb charge asymmetry values are
smaller, then the corresponding values of ogg are found to
be higher. In addition to the entrance channel effects such as
charge asymmetry, mass asymmetry, and isospin asymmetry,
we have also studied the hindrance of the quasifission in the
predicted projectile-target combinations. Here the quasifission
dominates over the fusion of the two nuclei at y > 0.765.
Even though the quasifission dominates the complete fusion
process, but the ogg depends on the other parameters such as
the charge, mass, isospin, Coulomb charge asymmetry and the
probability of NCNF which dominates over the quasifission.
The contribution of NCNF for the fusion systems exhibits
its role when the value of the mass asymmetry 7 is greater
than the Businaro-Gallone mass asymmetry apg. However,
there is no fusion suppression due to the quasifission on the
evaporation residue cross sections for the less asymmetric
systems.

The prediction of the theoretical model is successful when
the results produced are in agreement with the experimental
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FIG. 13. Experimental (open squares) and theoretical (open circles) evaporation residue cross sections for the synthesis of the elements
with Z = 102-113 from the cold fusion reactions (a) and the elements with Z = 112 — 118 from the hot fusion reactions (b). In the cold fusion
reactions both the projectiles and the targets are shown against every data point, whereas only the target is labeled for the hot fusion reactions

as the projectile remained fixed as **Ca.

values [82]. Figures 13(a) and 13(b) show the production
cross sections for both the cold fusion reactions by using lead
and bismuth as targets and the hot fusion reactions by using
calcium as the projectile. The significant result of the cold
fusion experiment shows relatively high probability of the
evaporation residue cross sections for the lower value of the
compound nuclear atomic number, Z < 110, and gradually
the production cross section decreases with the increase in the
atomic number. In contrast, the hot fusion reactions exhibit
low cross sections for Z < 113, gradually increase to a certain
maximum for Z = 115, and then again decrease to a sub-
picobarn for Z = 118. The comparison of present predictions
have included experiments for both the cold and hot fusion
reactions. It is noteworthy that the agreement between present
predictions and experimental values is very good for the hot
fusion reactions, whereas the agreement is not so good for two
cold fusion reactions; a factor of 3 difference and an order
of magnitude difference between the predictions and the ex-
perimental values are seen for {]1Rg and {]5Nh, respectively.
Because the hot fusion can only be utilized for synthesizing
the new elements with Z > 118, the present predictions pro-
vide evidence for the reliability of the experiments targeting
to produce the superheavy elements with Z > 118.

B. Decay properties

If a superheavy nucleus is stable against spontaneous fis-
sion, then it will decay through other decay modes such as «
decay and B decay. The probabilities of these decay modes
have been determined by the study of their lifetimes. The
latter can be calculated by using the models explained in

previous works [39—46]. The estimation of lifetimes is based
on the study of the Coulomb potential and nuclear interaction
between two nuclei. Figure 14 shows the decay chain of the
nuclei #3Cn; it undergoes la decay with the half-lives of
20 ns and similarly we have observed the consistent a-decay
chain up to 2>!Cm with the gradual increase in the half-lives
as it reaches near the stable nuclei. In the case of *°Cf it
decays to 2'Cm with a-decay half-lives of 19 s. Finally
251Cm terminates at !Bk with the 8 decay, and the consistent
decay chains of >'Bk are shown in Fig. 14. Similarly, we have
studied the decay chains for other superheavy nuclei with Z
= 114-118 and also predicted sequential decay chains of the
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FIG. 14. Decay series of 35;Cn.
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FIG. 15. Decay series of 33 Lv.

nuclei with Z = 119 and 120. We have shown the decay of
superheavy nuclei with atomic number Z as follows: Z = 116
in Fig. 15, Z =118 in Fig. 16, Z =119 in Fig. 17, and
Z = 120 in Fig. 18. The predicted decay chains are useful in
the synthesis of the superheavy elements.

IV. SUMMARY

We have studied many possible projectile-target com-
binations to synthesize the superheavy nuclei with atomic
number 110 < Z < 126. The entrance channel effects such
as mass asymmetry, charge asymmetry, isospin asymmetry,
non-compound nucleus fission probability, Businaro-Gallone
mass asymmetry, and hindrance of quasifission have been
investigated in search of good projectile-target combinations
to synthesize the superheavy elements. Our predictions on
the evaporation residue cross section compare very well with
the superheavy compound nuclei with atomic number 110 <
Z < 118. With this confidence level, we have constructed
two charts that depict the preferred projectile-target combi-
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FIG. 16. Decay series of 33:0g.
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nations for synthesizing the superheavy nuclei with atomic
number 110 < Z < 126. The present work will certainly be
a road map for the synthesis of the superheavy elements with
Z > 118. Very interestingly, the past reactions used for the
realization of the superheavy elements in the laboratory have
led to evaporation residue cross sections <5 pb. In contrast,
this work suggests many reactions that lead to hundreds of
picobarns to close to a microbarn evaporation residue cross
section. Of course, some projectiles or targets are not naturally
abundant, and such difficulties were prevalent with the used
reactions too. Very strikingly, there are proposed reactions
containing both projectiles and targets that are naturally abun-
dant, e.g., $Kr + 23*Th — 3'#126 +0n. This reaction leads to
the superheavy nuclei with Z = 126 with evaporation residue
cross sections as high as 31 nb. This cross section is as large
as the one obtained for the production of the first superheavy
element with Z = 104 using the reaction “*Ti + 2°*Pb. Hence,
the presently available experimental scenario is up to the right
mark. Even the exposure of a beam for a week will test the
prediction and finally make a dream come true by entering the
eighth row of the periodic table.
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